Abstract: A solid-state 2 H NMR study of methyl-d 3 -cobalamin has been performed as a function of temperature to provide information concerning the character and energetics of the motion performed by this unique bioorganometallic methyl group. Analysis of the 2 H NMR line shape indicates that the methyl group undergoes rapid three-fold rotation, and that the Co-C-2 H angle lies between 105.9 and 109.5°. Determination of the spin-lattice relaxation times T 1 shows that the relaxation is anisotropic, consistent with a "jumping" motion of the methyl group rather than rotational diffusion. This also provides the activation energy to methyl jumps as 8.3 ± 1.3 kJ/mol. It is proposed that this energetic barrier may be a useful probe of changes in the electronic character of the Co-C bond that accompany the biological role of this molecule in such enzymes as methionine synthase.
Methylcobalamin and the related vitamin B 12 derivatives are novel biological systems because of their unique status as the only stable naturally occurring bioorganometallic species. The general features of the structure of methylcobalamin are evident in Fig. 1 in its unbound or base-on conformation (Rossi et al. 1985) . The central cobalt atom is fixed within a slightly puckered corrin ring by four coordinating nitrogens, with a nucleotide tail providing one dimethylbenzimidazole ligand below the ring; the octahedral coordination of cobalt is completed by a relatively free and accessible methyl group above the ring. This last ligand site, the variable feature within the cobalamin family, determines the action and biological significance of each of the vitamin B 12 derivatives. In particular, methylcobalamin acts a cofactor that supports the activity of an important mammalian enzyme, methionine synthase, which serves to recycle homocysteine to form methionine (an essential amino acid) and liberate H 4 folate (required for the biosynthesis of purine, pyrimidine, and amino acids) from CH 3 -H 4 folate (Blakly 1969) . The coenzyme methylcobalamin is used as a methyl source in methyl transfer reactions involved in this enzymatic pathway; methyl transfer occurs via heterolytic cleavage of the cobalt-carbon bond. The methyl group is transferred to homocysteine, and methylcobalamin is regenerated by attack of CH 3 -H 4 folate by the supernucleophile cob(I)alamin. The most remarkable feature of the structure of methionine synthase becomes evident when methylcobalamin binds to this enzyme. As recently shown by Drennan et al. (1994) , the dimethylbenzimidazole tail of methylcobalamin is released from cobalt coordination and replaced by a histidine residue, His-759, from the protein.
The nucleotide tail extends into a channel of the protein's structure, resulting in the base-off conformation of methylcobalamin. This permits the enzyme to have direct control of methyl transfer through coordination of the cobalt of the coenzyme by His-759. Notably, this will also affect the cobalt-carbon bond, facilitating the transfer of this methyl group to homocysteine substrate, presumably through pro-motion of cobalt-carbon bond scission. This structural feature appears to be consistent through a range of B 12 -dependent enzymes (Ludwig and Matthews 1997) .
Solid-state 2 H NMR represents a unique method by which the dynamics of the cobalt-attached methyl group may be monitored. Spectral selectivity is obtained by introducing a single C 2 H 3 group directly to the cobalt variable ligand site in the cobalamin structure. The 2 H isotope has a very low natural abundance, removing any chance of spectral overlap from other regions of the structure. As well, 2 H NMR of solids has been well established as a useful probe of dynamics in the solid state (Griffin 1981; Davis 1983; Spiess 1985) ; the NMR spectra and relaxation data provide important and unique information concerning the motion of deuterated groups in many types of materials. We propose to use this spectroscopic probe to selectively identify the dynamics of the transferable methyl group in methylcobalamin and describe these efforts herein.
Theoretical background
When rigid, 2 H nuclei display a rigid-lattice NMR spectrum spanning approximately 250 kHz, with a peak-to-peak splitting of roughly 125 kHz. This anisotropic line shape ν θ φ ( , ) depends on the magnitude of the 2 H quadrupolar coupling constant χ and its asymmetry η, according to
where ν o is the 2 H Larmor frequency (including any chemical shift) and the polar angle θ and azimuthal angle φ describe the orientation of the magnetic field with respect to the principal component of the 2 H electric field gradient (efg) tensor (Schmidt-Rohr and Spiess 1994). For 2 H nuclei in methyl and other aliphatic groups, the principal component of the efg tensor invariably lies along the C-2 H bond. Also, methyl deuterons possess quadrupolar coupling constants χ of typically 165-170 kHz with asymmetries η = 0, and eq. 1 simplifies appropriately. When rapid N-fold motion, with N ≥ 3, occurs, the anisotropic line shape is narrowed, according to
where β describes the angle between the N-fold axis and the principal component of the 2 H electric field gradient tensor, i.e., the C-2 H bond. Spin-lattice relaxation measurements can be used to establish the type of motion and its rate, from which the rotational activation energy for this methyl group can be established (Bloembergen et al. 1948) . Rotational diffusion of the methyl group about its threefold axis results in isotropic spin-lattice relaxation, i.e., all parts of the anisotropic 2 H NMR line shape will relax at the same rate. Threefold jumps, however, result in anisotropic T 1 values; some parts of the 2 H NMR line shape will relax faster than others. Differences in the relaxation behaviour across the 2 H spectrum predicted for these two situations can be used to determine the appropriate model for methyl rotation, as described in detail elsewhere (Torchia and Szabo 1982) . The spin-lattice relaxation times can also be used quantitatively to derive an activation energy for methyl rotation, via the following equations:
where < χ 2 > is the motionally averaged squared 2 H quadrupolar coupling constant, J(ω o ) and J(2ω o ) are spectral density functions, ω o is the angular Larmor frequency in radians per second, τ c is the correlation time for methyl rotation, τ ∞ is the correlation time at infinite temperature, E a is the activation energy for methyl rotation, k is Boltzmann's constant, and T is the temperature in Kelvin. The activation energy E a can be obtained from the slope of -E a /k when ln(T 1 ) is plotted as a function of 1/T.
Synthesis
We prepared 99% labeled 2 H 3 C-cobalamin (methyl-d 3 cobalamin) using the following general method (Dolphin 1971) : 101 mg (73.3 mmol) of vitamin B 12 (cyanocobalamin) and 1 mg of cobalt nitrate hexahydrate were dissolved in 10 mL of water in a flask stoppered with a serum cap. This solution was deoxygenated with a stream of argon for 10 min. Forty milligrams of sodium borohydride was dissolved in 1 mL of water and also deoxygenated with argon. The sodium borohydride solution was added dropwise to the cobalamin solution (while still under argon). The solution started red, turned brown, and finally turned blue-green. After all of the sodium borohydride solution was added, the blue-green solution was left to stand for 5 min. Two hundred milligrams of methyliodide-d 3 (C 2 H 3 I) was added to the cobalamin solution and the solution immediately turned orange-red. The solution was extracted with a phenol-dichloromethane solution (100 g phenol dissolved in 100 mL dichloromethane) until no color remained in the aqueous layer. The extracted solution was washed twice with water and diluted to 10× its original volume with dichloromethane. The diluted organic solution was back-extracted with water until all traces of colour in the organic layer were gone. The aqueous solution was then washed with dichloromethane to remove traces of phenol and reduced to 5 mL under reduced pressure. The solution was placed on a carboxymethyl cellulose column that had been washed with acid (0.1 M HCl) and then washed with water until neutral. The eluate was reduced to 1 mL under reduced pressure and then treated with acetone until the solution showed faint tur- (Rossi et al. 1985) and portrayed using Sybyl 6.3, from Tripos Software. Ball rendering indicates the region of the molecule of interest in this study, namely the central cobalt atom and the methyl group attached to it lying above the corrin ring. All other hydrogen atoms in this structure have been omitted for clarity.
bidity. On standing, bright red crystals of methyl-d 3 -cobalamin were deposited and collected by filtration yielding 74.1 mg (72.25%). The product was characterized by electrospray mass spectrometry, showing a molecular ion at m/z = 1347, in accord with the expected mass after incorporation of a single C 2 H 3 group. The unlabeled methylcobalamin exhibits a molecular ion at m/z = 1344. In both the labeled and unlabeled compounds, a fragment with significant intensity corresponding to loss of the organometallic methyl group occurs at m/z = 1329.
NMR spectroscopy
2 H solid-state-NMR spectra of methyl-d 3 -cobalamin were obtained on a Bruker AMX-500 NMR spectrometer at 11.75 T, where the 2 H Larmor frequency is 76.77 MHz. A quadrupoleecho (Davis et al. 1976 ) -inversion-recovery pulse sequence was used to determine the spin-lattice relaxation time T 1 at various temperatures. Acquisition of 8192 points with a dwell time of 0.5 µs was initiated before the peak of the echo, and the free induction decay was subsequently leftshifted, to ensure that the echo maximum was accurately digitized. The π/2 pulse length was 2.2-2.5 µs, and the variable delay of the inversion-recovery sequence was incremented between 10 µs and 5 s; a fixed delay of 25 µs was used for the generation of the quadrupole echo. The choice of 10 values of τ for each temperature was optimized to match the decreasing value of T 1 with decreasing temperature. The temperature was lowered from 300 to 180 K in approximately 10-K increments; these temperature readings were later calibrated using the chemical shift separation of OD and CD 3 signals in neat methanol-d 4 . Temperatures below the freezing point of methanol (175 K) were calibrated using an extrapolation of the function obtained from the solution values. Errors quoted herein represent 95% confidence limits. Computer simulations of the inversion-recovery 2 H NMR spectra were generated in an iterative fashion using the method of Wittebort et al. (1987) , with optimization of the rate of exchange to produce T 1 values and anisotropic line shapes that most closely resembled the experimental data. The effects of finite pulse widths were included, with minimal changes to the simulations resulting from their addition. Equal populations of the sites were assumed in all cases.
At room temperature (294 K), the solid-state 2 H NMR spectrum of methyl-d 3 -cobalamin exhibits a typical Pake pattern with a peak-to-peak splitting of 48.5 ± 0.5 kHz. This spectrum, depicted in Fig. 2 , is typical of methyl deuterons undergoing rapid motion about the threefold axis. As temperature is lowered, the value of this splitting does not vary by more than 500 Hz. The degree of motional narrowing of the spectrum from the rigid-lattice value depends on both the static value of the 2 H quadrupolar coupling constant and the angle β, via eq. 2. We were not able to obtain NMR spectra at temperatures corresponding to the rigid-lattice condition, hence we cannot, with certainty, establish a static value for the 2 H quadrupolar coupling constant. We may assume a value for this parameter, on the basis of literature reports for similar methyl groups. Assuming a value of χ = 167 kHz reported for the methyl group in alanine (Beshah et al. 1987) results in a value for the angle β of 105.9 ± 0.3°; this is slightly less than the tetrahedral angle, in accord with what one would expect for a labile methyl group. A long Co-C bond would be expected to promote some tendency towards sp 2 character in this methyl group, in accord with a flattening of this angle. Otherwise, we could assume a value for the angle β, which is the angle between the axis of rotation and the principal component of the 2 H efg tensor, i.e., for the Co-C-2 H angle, of which the tetrahedral angle 109.5°is a reasonable estimate. This assumption of the tetrahedral angle for β results in a value of χ = 194 ± 2 kHz. Both approaches provide a relatively narrow range for each of these parameters. In summary, we can establish the range for 167 kHz < χ < 194 kHz and 105.9°< β < 109.5°.
Results of solid-state inversion-recovery 2 H NMR experiments obtained at 192 K are given in Fig. 3 , as well as calculated simulations of these spectra. Spectra similar in quality and behavior were obtained at all temperatures between 294 and 168 K. The spin-lattice relaxation is significantly orientation dependent, i.e., the recovery of magnetization corresponding to the shoulders occurs at a more rapid rate than the magnetization recovery at the peaks of the line shape. This is direct and unequivocal evidence that the three-fold motion of the methyl group occurs via jumps between discrete sites rather than rotational diffusion about the methyl axis. The recovery of magnetization at the shoulders occurs at approximately double the rate observed for the peaks, e.g., the T 1 of the peaks in Fig. 3 is 145.1 ± 1.6 ms, while that for the shoulders is 72 ± 3 ms. The larger error obtained for the shoulders reflects the more difficult assignment of intensities for T 1 fitting in these regions of the line shape. This similar trend, T 1 (peaks) = 2T 1 (shoulders), is observed at all temperatures. Since the T 1 values for the peaks could be determined more precisely than those of the shoulders, the peak T 1 values were used to generate best-fit simulations of the magnetization recovery line shapes (Wittebort et al. 1987 Since temperatures corresponding to the T 1 minimum could not be attained owing to the low-temperature limitations of our experimental setup, the correlation times cannot be directly obtained from the temperature dependence of the spin-lattice relaxation times. However, the simulations described above provide estimates for the rate of exchange between each of the three sites in the jump motion. Analyses of both the jumping rate provided by the simulations, as well as the use of eqs. 3-6 to portray the temperature dependence of the T 1 values obtained from the peaks of the 2 H NMR spectra (provided in Fig. 4 ), yielded activation energies of 8.3 ± 1.3 kJ/mol that all fall within the margins of error.
We have established that the methyl group in methylcobalamin undergoes rapid rotation in the solid state, such that all NMR spectra obtained between room temperature and 168 K fall in the fast-exchange limit. It is important to recognize that selective deuteration of methylcobalamin by replacement of the organometallic methyl with a methyld 3 ligand provides excellent selectivity in the solid-state 2 H NMR spectra. There is no spectral overlap from other regions of the molecule through selective isotopic enrichment. We believe that this strategy can be applied advantageously to the study of many bioinorganic systems where the metal site is chemically available to similar substitutions. The metal nucleus itself can be used as a selective isotopic label for NMR studies (Medek et al. 1997; Power et al. 1988) . We note that methyl-13 C and 13 C-and (or) 15 N-enriched cyanide can be introduced in a similar fashion to methylcobalamin and vitamin B 12 (cyanocobalamin). Introduction of these other isotopic labels could provide complementary information concerning the structure and electronic character of these compounds, through characterization of nuclear spin interactions such as chemical shielding and direct and indirect dipolar coupling (C.W. Kirby, J.R. Garbutt, and W.P. Power 1998, submitted for publication). It is also significant that only polycrystalline samples are required for solid-state NMR; there is no need to grow single crystals and samples simply lyophilized from solution can be used. Quadrupolar coupling constants for 2 H in methyl groups have been reported in a wide variety of compounds, including organic and biological molecules. Invariably, their values lie between 165 and 175 kHz, depending on the molecule, e.g., alanine at 167 kHz (Beshah et al. 1987 ), a number of methyl-containing amino acids and peptides at 171 kHz (Batchelder et al. 1983) , tert-butylchloride at 172 kHz (O'Reilly et al. 1973), tert-butyliodide at 174 kHz Biochem. Cell Biol. Vol. 76, 1998 Temp. 
Fig. 3. Experimental and calculated
2 H NMR spectral series for solid-state inversion-recovery of methyl-d 3 -cobalamin at 192 K. Note the recovery of the magnetization from negative to positive does not proceed at the same rate across the anisotropic 2 H NMR line shape. The outer shoulders recover faster than the sharp peaks, indicating that the spin-lattice relaxation time T 1 is anisotropic. (Mooibroek et al. 1988) , and a number of tetramethylammonium salts at 168 kHz (Ratcliffe and Ripmeester 1986) . To the best of our knowledge, 2 H quadrupolar coupling constant data for methyl deuterons attached to a transition metal have not been reported previously. Since the solid-state 2 H NMR spectra of methyl-d 3 -cobalamin at all temperatures we have studied fall in the fast-exchange regime with respect to methyl rotation, we cannot derive independent values for χ and β from the single value of the peak-to-peak splitting of 48.5 ± 0.5 kHz. Both values must be determined in eq. 2. Hence, from the 2 H NMR spectra alone, we can only report a range of values, χ from 167 to 194 kHz and β from 105.9 to 109.5°. Further insight may be provided from considerations of the X-ray diffraction results for methylcobalamin (Rossi et al. 1985) , where C-H bonds lengths and Co-C-H bond angles are available. The reported C-H bond lengths, however, are significantly shorter (0.977-1.036 Å; 1 Å = 0.1 nm) than those for normal C-H bonds (1.09 Å) (Huheey 1983 ) and the angles are slightly larger than those expected for a carbon in such an environment as this. Interestingly, the shorter C-H bond length correlates to a larger Co-C-H angle. Hydrogen atomic positions are notoriously difficult to determine via X-ray diffraction. Therefore, it may be possible to obtain better Co-C-H angles using a C-H bond length of 1.09 Å as a guide and extrapolating the relation between the bond angle and bond length to obtain a reasonable value. From such a treatment, a Co-C-H bond angle of 106.7°is obtained. Using this angle, a χ of 171.9 kHz is obtained, which is in close agreement with literature values for other methyl groups, as mentioned above.
The motion of the methyl group in methyl-d 3 -cobalamin is best described as jumps between three equivalent sites, rather than free rotation or rotational diffusion about the methyl axis. The anisotropy in T 1 is direct evidence of this. The activation energy for this jumping motion has been determined to be 8.3 ± 1.3 kJ/mol, which is significantly smaller than barriers determined for other methyl groups in a variety of organic and biological molecules. Typically, these range from 17 to 27 kJ/mol (Ratcliffe and Ripmeester 1986; Beshah et al. 1987 ) in sterically crowded environments including alanine, and can be as low as 8.6-17.6 kJ/mol (Batchelder et al. 1983; Keniry et al. 1984) in less hindered sites of amino acids such as methionine and in peptides. The low activation energy determined here is probably a reflection of two factors arising from the structure of methylcobalamin: the lability of this methyl group through the weak Co-C linkage important to its biological function, and the lack of any steric hindrance within the "puckered bowl" of the corrin ring.
Solid-state NMR is now applied frequently to questions of biological mechanism and structure. Studelska et al. (1997) recently described the use of sophisticated solid-state NMR experiments of selectively isotopically labelled phosphoenolpyruvate complexed with shikimate 3-phosphate and EPSP synthase (a 46-kDa protein) to elucidate the structure of intermediates in the enzymatic reaction. In contrast to high-resolution NMR of proteins in solution, there is no upper limit of protein size in solid-state NMR. On the basis of the selectivity of the 2 H NMR experiments presented here, the ability to use simply polycrystalline samples, and the capacity to provide detailed information on the dynamics involved (including the appropriate model and rates of motion), we believe this approach can be expanded to larger and more relevant biologically active systems. For example, the recently described changes in methylcobalamin conformation when bound to the enzyme methionine synthase in Escherichia coli (Drennan et al. 1994) should also produce changes in the methyl group dynamics. Single-crystal X-ray crystallography has shown that His-759 replaces the intramolecular dimethylbenzimidazole ligand coordinated to cobalt. This must also promote the Co-C bond scission that occurs to permit methyl transfer to the homocysteine substrate. Elucidation of these changes in other pathways should be possible to follow spectroscopically through 2 H NMR of trapped intermediates involving methyl-d 3 -cobalamin bound to the enzyme and without the need for single crystals suitable for X-ray diffraction. For personal use only.
